to obtain 2D 13 C/ 1 H chemical shift correlation spectra of rigid and mobile components independently and separately. These pulse sequences can be used for dynamics difference based spectral editing and resonance assignments. Therefore, we believe the proposed 2D HETCOR NMR pulse sequences will be beneficial for the structural studies of heterogeneous systems containing molecular components that differ in their time scale of motions for understanding the interplay of structures and properties.
Abstract
Multidimensional solid-state NMR spectroscopy plays a significant role in offering atomic-level insights into molecular systems. In particular, heteronuclear chemical shift correlation (HETCOR) experiments could provide local chemical and structural information in terms of spatial heteronuclear proximity and through-bond connectivity. In solid state, the transfer of magnetization between heteronuclei, a key step in HETCOR experiments, is usually achieved using cross-polarization (CP) or INEPT (insensitive nuclei enhanced by polarization transfer) depending on the sample characteristics and magic-angle-spinning (MAS) frequency. But, for a multiphase system constituting molecular components that differ in their time scales of mobilities, CP efficiency is pretty low for mobile components because of the averaging of heteronuclear dipolar couplings whereas INEPT is inefficient due to the short T2 of immobile components and can be non-selective due to strong proton spin diffusion for immobile components especially under moderate spinning speeds. Herein, in this study we present two 2D pulse sequences that enable the sequential acquisition of 13 C/ 1 H HETCOR NMR spectra for the rigid and mobile components by taking full advantage of the abundant proton magnetization in a single experiment with barely increasing the overall experimental time. In particular, the 13 C-detected HETCOR experiment could be applied under slow MAS conditions, where a multiple-pulse sequence is typically employed to enhance 1 
Introduction
Solid-state NMR spectroscopy is a powerful analytical tool that is widely used for studying molecular structures and dynamics of a variety of solids including membrane proteins, [1] [2] [3] [4] [5] multiphase polymers [6] [7] [8] , bone materials, [9] [10] [11] amyloids [12] [13] [14] [15] [16] [17] , and nanocomposites [18] [19] [20] [21] . The benefits of multidimensional NMR techniques to obtain higher resolution and higher degree of structural and dynamic information have been well utilized in numerous applications, among which 2D homonuclear (HOMCOR) [22] [23] [24] [25] and heteronuclear (HETCOR) [26] [27] [28] [29] [30] [31] chemical shift correlation experiments are most widely employed and have become indispensable for structural studies of proteins. [32] [33] [34] [35] [36] [37] [38] [39] With the rapid development of ultrafast magic-angle-spinning (MAS) probe technology, 1 H spectral resolution can be dramatically enhanced due to efficient suppression of 1 H-1 H dipolar couplings, [40, 41] which allow for 1 H/ 1 H chemical shift correlation [42, 43] to probe the proximities of proton atoms in solids. Most importantly, proton-detection under ultrafast MAS conditions is employed to remarkably improve the signal-to-noise (S/N) ratio of multidimensional experiments. [44] [45] [46] [47] [48] [49] [50] [51] [52] In these experiments involving low-g nuclei, cross polarization (CP) [53, 54] is generally employed to enhance the S/N of low-g nuclei, where the polarization transfer efficiency largely relies on the dipolar couplings between proton and Compared to the regular 2D HETCOR experiment, the proposed method offers the acquisition of two separate 2D HETCOR spectra for rigid alone and mobile alone components of a multiphase system with barely increasing the overall experimental time. Herein, the 2D HETCOR spectra obtained for rigid and mobile components are denoted as Rigid-HETCOR and Mobile-HETCOR, respectively. The benefits and possible limitations of the two proposed methods are discussed within the context of their applications to study polymer blend systems.
Radio-frequency pulse schemes
The radio-frequency (RF) pulse sequences demonstrated in this study are shown in Figure 2 .
The 13 C-detected 2D HETCOR NMR experiment (Figure 2a ) is designed for a moderate MAS frequency. In this sequence, during the t1 period, the transverse 1 H magnetization is allowed to evolve under Frequency-switched Lee-Goldburg (FSLG) [56] [57] [58] [59] pulse sequence that is used to suppress 1 H-1 H dipolar couplings. While the transverse 1 H magnetization from rigid components is transferred to 13 C using CP, those from the mobile components are kept spin-locked during CP. During the first signal acquisition period for the Rigid-HETCOR spectrum, high power continuous-wave (CW) RF decoupling is applied to achieve high spectral resolution and also to retain the transverse 1 H magnetization by spin-locking for the subsequent RINEPT-based magnetization transfer. While the RINEPT sequence transfers the transverse 1 H magnetization from mobile components, it suppresses the 1 H magnetization from rigid components due to their short T2 relaxation, and thus enables acquiring Mobile-HETCOR spectrum through the second t2 acquisition period.
The 1 H-detected HETCOR NMR experiment under fast-MAS is shown in Figure 2b .
After the initial CP period, the transverse 13 and then the magnetization is stored along the z axis by the following 90 o pulse for both mobile and rigid components. The HORROR sequence [60] is applied to remove any residual 1 H magnetization before 13 Cà 1 H CP. The 13 C magnetization from the rigid components is transferred to 1 H by the second CP for the first signal acquisition during t2 (to obtain the 2D Rigid-HETCOR spectrum). On the other hand, the 13 C magnetization from the mobile components is spin-locked during the 13 Cà 1 H CP and subsequent CW decoupling periods, and then transferred to protons by RINEPT for the second signal acquisition during t2
(Mobile-HETCOR). During signal acquisitions of rigid and mobile components 13 C nuclei can be decoupled as indicted in the pulse sequence.
Experimental Details

Materials
The hydroxyl-terminated 1,4-polybutadiene (PB) oligomers were purchased from Qilu Ethylene Chemical and Engineering Co. Ltd. (China). All the other samples were purchased from Aldrich Co., and used as received without any further purification. Molecular weights of poly(methyl methacrylate) (PMMA) and PB are 550,000 g/mol and 4,200 g/mol, respectively.
The glycine/adamantane mixture was prepared with a 1:1 weight ratio. The PMMA/PB blend was prepared by mechanically mixing PMMA and PB in a 6:1 weight ratio. 
Solid-State NMR Experiments
The 13 C-detected HETCOR NMR experiment (Figure 2a) Ramped-CP with a 5% ramp on the 1 H channel was used to transfer 1 H magnetization to 13 C.
The RINEPT evolution times, t1 and t 2, were set to 1.4 ms and 1.0 ms, respectively. The CP contact time was set as 100 µs in order to obtain only the bonded 13 Both the RINEPT evolution times, t1 and t 2, were set to 1.0 ms and a 2.5 s recycle delay was used. The NOE mixing time (tNOE) was 2 s.
For both 13 C and 1 H-detected HETCOR experiments shown in Figure 2(a and b) , a z-filter of ~3 ms was inserted right after the first signal acquisition period to remove the residual magnetization in the transverse plane. The 13 C chemical shifts in all spectra are referenced with respect to TMS using the low-frequency peak of adamantane (diso = 29.4 ppm)
as a secondary reference. Two 2D HETCOR spectra can be obtained from a single experiment, which are denoted as Rigid-HETCOR and Mobile-HETCOR spectra. 
Results and Discussion
Molecular motion plays a critical role in most molecular systems, which may significantly affect the physical, chemical and functional properties of a material. [61] [62] [63] For example, the mobile components in a multiphase polymer system can significantly increase the toughness of the material, and thus lead to an enhancement of stretching extensibility.
Although such polymeric materials are not amenable for atomic-resolution studies for most analytical techniques, they can be investigated at atomic-resolution using a variety of solid-state NMR techniques that have no limitation on the molecular size and nature of the material. However, in a typical CP based MAS experiment, the signals of mobile components are greatly compromised or even lost due to the their weak 1 H- 13 Polymer blend has many technological applications and is widely used in industry since the merits of two different bulk materials can be combined and the end-use properties (eg.
mechanical and rheological) can be optimized. [66] [67] [68] [69] In this study, we further demonstrated the robust performance of the proposed pulse sequences on polymer blend PMMA/PB; their chemical structures are shown in Figure 1 . PMMA is a semi-crystalline polymer with glass transition (Tg) and melting (Tm) temperatures both above 100 o C, whereas PB is a viscous liquid with a Tg of ~ -90 o C. Therefore, in the PMMA/PB blend, PMMA is considered as the rigid and PB is the mobile components. It was previously shown that in such a polymer blend system with a significant mobility contrast for the components, the 13 C signals of PB cannot be detected by CP, [55] because the 13 C-1 H dipolar couplings have been completely averaged out by the fast molecular motion of PB at room temperature. However, the 13 In the 1 H-detected 2D Mobile-HETCOR spectra (Figure 6b ) obtained using the 1 H-detected HETCOR pulse sequence (Figure 2b) , signals from the minor components in PB (vinyl-1,2-units, end-groups, etc.) are not observed due to the small sample volume in the rotor (~1.2 µL). In addition, the direct detection of proton signals after the RINEPT sequence also results in higher signal intensity as a much longer acquisition time (a few hundreds of milliseconds) can be used along with/without low-power decoupling on the 13 C RF channel.
For the two pulse sequences, the continuous-wave (CW) decoupling has to be applied during the signal acquisition after CP in order to keep the transverse magnetization of mobile components for the subsequent polarization transfer by RINEPT. For the 13 C-detected HETCOR experiment (Figure 2a ), CW decoupling might potentially compromise 13 C spectral resolution of rigid components. However, it should be noted that in the multiphase solids, the mobility of rigid components is generally enhanced by the mobile components; thus CW decoupling with high RF strength can still provide a reasonable spectral resolution as demonstrated in our previous study. [55] Notably, the 13 C-detected HETCOR experimental time is nearly the same as that of the traditional 13 C-detected CP-based HETCOR experiment.
However, for the 1 H-detected HETCOR experiment the increase in experimental time, compared to the traditional 1 H-detected CP-based HETCOR experiment, is mostly due to the NOE mixing time (~ 1s) in each scan. Indeed, in terms of shortening experimental time as well as enhancing signal sensitivity of multi-dimensional solid-state NMR experiments, several approaches and strategies have been proposed to enable multiple acquisition in a single scan, either through elegant designs of pulse sequences or with the use of multiple receivers. [71] [72] [73] [74] [75] [76] In those multi-acquisition experiments, the 13 C or 15 N magnetizations are generally re-utilized as the source for polarization transfer after the first acquisition period, because the 13 C or 15 N magnetization is easy to store due to the very long spin-lattice relaxation time (T1) of these nuclei. However, the use of residual proton magnetization is much more challenging due to its short T1 and T1r, but greatly beneficial for the signal enhancement of low-g nuclei as demonstrated by our work here and previous studies. [55, 77] 
Conclusions
In multi-component solids with mobility contrast, the 13 reduced when compared to the total time needed to measure two conventional CP and RINEPT-based HETCOR experiment to obtain HETCOR spectra for rigid and mobile components, respectively. In addition to the significant reduction of data collection time, the separation of signals from mobile and rigid components can also be potentially used for resonance assignment in a wide array of multiphase heterogeneous systems. Thus, we believe the proposed sequences here will greatly beneficial for the structural elucidation of complex systems, such as biomaterials, polymer blends, proteins, supramolecular assemblies and so on.
For example, atomic-resolution investigation of the ubiquitous self-assembly process underlying the formation of nanostructures including amyloid fibrils, using the proposed 2D
HETCOR pulse sequences, would enable selective monitoring of fast-tumbling monomers and small oligomers even in the presence of large aggregates or fibers. [78] Such experiments can shed light on the nucleation of small oligomeric amyloid intermediates that have been shown to be more toxic in the amyloid diseases like Alzheimer's Disease and type II diabetes.
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